We have developed a low-noise quasi-optical NbN/A1N/NbN SIS mixer that operates at terahertz frequencies. The mixer uses a MgO hyperhemispherical lens with an antireflection cap, a single-crystal NbN log-periodic antenna, and two-junction tuning circuits which employ Al/SiO/NbN microstriplines. The NbN/A1N/NbN junction size was about 0.9 in diameter, and the current density was about 45 kA/cm 2 . The frequency-dependence of the receiver noise temperature was investigated by using an optically pumped far-infrared laser and a backward-wave oscillator as a local oscillator at several frequencies from 670 GHz to 1082 GHz. The experimental results showed that the center frequency was around 800 GHz, and the receiver noise temperature measured by the standard Y-factor method was 457 K(DSB) at 783 GHz including a 9 p.m-thick Mylar beam splitter loss and other optical losses at the physical bath temperature of 4.2 K. This is the first SIS mixer based on NbN with lownoise performance (12h v/K B ) above the gap frequency of Nb.
Introduction
Until now, the most sensitive elements in heterodyne mixers are the superconductorinsulator-superconductor (SIS) tunnel junctions. Both high BY-to-if conversion efficiency and low noise are predicted for these mixers from theory [1J, and ultra-low noise SIS mixers using Nb/A10x/Nb tunnel junctions approach -hv/k B in the millimeter and submillimeter wave regions [2] . This good performance is mainly a result of using an Nb SIS junction with a ideal current-voltage (I-V) curve and a low-loss Nb tuning circuit to resonate out the junction capacitance. However, the low gap frequency of Nb (about 700 GHz) essentially limits its application as an ultra-low noise SIS mixer in the sub-terahertz band because the onset of pair breaking above the gap frequency results in a rapid increase in RF loss in the superconducting electrodes and tuning circuits. Therefore, the mixer noise performance is greatly degraded at frequencies above the gap frequency [3] . In order to develop a low-noise SIS mixer at the terahertz band, it is necessary to make SIS junctions based on materials which have energy gap higher than that of Nb. In addition, tuning circuits have to be high-quality superconducting films with a higher gap frequency of Nb, or high-conductivity normal-metal films.
NbN is the best candidate for developing a low-noise terahertz SIS mixer because it has large gap frequencies up to 1.4 THz. We have recently developed a process to grow single-crystal NbN thin films on MgO substrates [4] and to fabricate high-quality NbN/A1N/NbN tunnel junctions that have high current densities, up to 54 IcA/cm 2 , for highfrequency device applications [5] . Excellent noise characteristics in the 300-GHz band habe been obtained using these junctions with low-loss Nb/SiO/NbN microstrip tuning circuits [6] .
However, an all-NbN SIS mixer designed for 1 THz operation has shown poor noise performance that was much worse than the value calculated using Tucker's quantum theory of mixing with measured I-V curve of the NbN SIS junction [7] . The large amount of noise was possibly caused by the large RF losses in the tuning circuits of polycristalline NbN on the SiO.
In this paper, we report on the fabrication and testing of a quasi-optical NbN/A1N/NbN SIS mixer with Al/SiO/NbN microstrip tuning circuits that is capable of terahertz frequency operation. The low-noise operation above the gap frequency of Nb was the best ever reported for SIS mixers based on NbN.
Mixer Design
In our mixers, a quasi-optical structure employing a substrate lens was used to couple the RF radiation to the junctions. An optical micrograph of our mixer chip is shown in Fig. 1 . Fig. 3 . The maximum coupling efficiency achieved was about 70 % at a center frequency of 900 GHz.
Results and Discussion
The mixer devices were prepared by the fabrication process described in Ref. [11] .
The thickness of the NbN, SiO, and Al was 180 nm, 230 nm, and 300 mm, respectively. The
Al wiring layer was deposited by thermal evaporation. The conductivity of the Al film at 4.2 K was able to be estimated from the slope of the supercurrent branch of the I-V curve. We obtained a high conductivity of about 2.8 x 10 8 ST i nf l , which is better than the design value by a factor of 1.4. The Josephson critical current of two junctions in parallel was 570 IA, and the junction size was about 0.9 pun in diameter. This gave a current density of about 45
IcA/cm 2 for these junctions.
The heterodyne receiver noise measurements were made using the standard Y-factor method for room-temperature (295 K) and liquid-nitrogen-cooled (77 K) loads. The receiver set-up was basically the same as described in Ref [7] . The incoming radiation entered the dewar through a 0. The frequency dependence of the receiver noise temperature was investigated at several frequencies from 670 GHz to 1082 GHz by using the optically pumped far-infrared laser and a backward-wave oscillator (BWO) as the local oscillator. A CH 3 I laser was used for the 670 GHz measurement, and the CH 2 F 2 laser was used for 760 and 783 GHz measurements, respectively. The other measurements were made by using the BWO. At all measured frequencies, the 25-pm-thick Mylar beam splitter was used. Figure 5 shows the receiver noise temperature as a function of frequency. Although it can be seen from the figure that the center frequency of the receiver is around 800 GHz, which is slightly lower than the design frequency of 900 GHz, the experimental results are in good agreement with the designed tuning properties. The main reason for the shift of the center frequency can be attributed to the lower gap voltage of the fabricated device. Since the thickness of the NbN film was comparable to the London penetration depth, the slow-wave factor of the microstripline was strongly affected by the effective penetration depth near the gap frequency. In fact, the calculated center frequency of the power coupling efficiency using the actual parameters including the microstrip size, the NbN gap, the current density, and the Al conductivity, was almost the same as the experimental result. This indicates that the properties of the NbN junction and the tuning circuits were well characterized in our design process, and that the parameters of the fabricated mixer were also well controlled. Frequency (GHz) . The calculated power coupling efficiency from the feed point to the two-junction. 280 600 800 1000 1200 1400 1600 1800
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